Five new microsatellite loci were described and characterized for use as molecular markers for the identification and genetic differentiation of Candida albicans strains. Following the typing of 72 unrelated clinical isolates, the analysis revealed that they were all polymorphic, presenting from 5 to 30 alleles and 8 to 46 different genotypes. The discriminatory power obtained by combining the information generated by three microsatellites used in a multiplex PCR amplification strategy was 0.99, the highest ever reported. The multiplex PCR was later used to test a total of 114 C. albicans strains, including multiple isolates from the same patient collected from different body locations and along episodes of vulvovaginal infections. Three different scenarios for strain relatedness were identified: (i) different isolates that were revealed to be the same strain, (ii) isolates that were the same strain but that apparently underwent a process of microevolution, and (iii) isolates that corresponded to different strains. Analysis of the microevolutionary changes between isolates from recurrent infections indicated that the genotype alterations observed could be the result of events that lead to the loss of heterozygosity (LOH). In one case of recurrent infection, LOH was observed at the CAI locus, and this could have been related to exposure to fluconazole, since such strains were exposed to this antifungal during treatment. The analysis of microsatellites by a multiplex PCR strategy was found to be a highly efficient tool for the rapid and accurate differentiation of C. albicans strains and adequate for the identification of fine microevolutionary events that could be related to strain microevolution in response to environmental stress conditions. Candida albicans, the most common fungal pathogen, is a commensal yeast that belongs to the normal microbial population of the mouth, vagina, and gastrointestinal tract in humans. However, in people with a variety of transient or permanent immunocompromised conditions, including transplant recipients, chemotherapy patients, underweight neonates, and human immunodeficiency virus-infected individuals, it may become an invasive pathogen (30, 56) . Infections by opportunistic fungal agents are a major medical problem due to the growing number of immunocompromised patients with risk factors for such infections. Moreover, this problem is exacerbated by the fact that only a limited array of antifungal drugs is available and by the growing resistance among clinical isolates (39, 46, 55) . The development of techniques and strategies that can accurately differentiate clinical isolates is of great relevance. These techniques should provide the ability to differentiate among strains responsible for clinical infections, as well as to trace their epidemiological pathways. Several molecular methods have been used to differentiate C. albicans strains, including electrophoretic karyotyping (2), the use of species-specific probes such as Ca3 or 27A in restriction enzyme analysis (28, 35, 36, 43) , PCR-based methods (1, 7, 15, 51) , and more recently, multilocus sequence typing, which uses nucleotide sequences from several genes and offers good discrimination (4, 49). Microsatellites or simple tandem repeats (STRs) consist of stretches of tandemly repeated mono-to hexanucleotide motifs dispersed throughout the genome and have a high level of polymorphism compared with those of other molecular markers. In yeast, microsatellite loci have considerable length variations, and this polymorphism quickly made them attractive markers for a variety of types of analyses, including strain typing (9, 16, 45) , population structure analysis (13, 18, 25) , and epidemiological studies (33, 42) . Microsatellite polymorphism is manifested as allelic length differences due to the different numbers of repeated units present in the alleles and is easily assayed by PCR amplification (48).
Five new microsatellite loci were described and characterized for use as molecular markers for the identification and genetic differentiation of Candida albicans strains. Following the typing of 72 unrelated clinical isolates, the analysis revealed that they were all polymorphic, presenting from 5 to 30 alleles and 8 to 46 different genotypes. The discriminatory power obtained by combining the information generated by three microsatellites used in a multiplex PCR amplification strategy was 0.99, the highest ever reported. The multiplex PCR was later used to test a total of 114 C. albicans strains, including multiple isolates from the same patient collected from different body locations and along episodes of vulvovaginal infections. Three different scenarios for strain relatedness were identified: (i) different isolates that were revealed to be the same strain, (ii) isolates that were the same strain but that apparently underwent a process of microevolution, and (iii) isolates that corresponded to different strains. Analysis of the microevolutionary changes between isolates from recurrent infections indicated that the genotype alterations observed could be the result of events that lead to the loss of heterozygosity (LOH). In one case of recurrent infection, LOH was observed at the CAI locus, and this could have been related to exposure to fluconazole, since such strains were exposed to this antifungal during treatment. The analysis of microsatellites by a multiplex PCR strategy was found to be a highly efficient tool for the rapid and accurate differentiation of C. albicans strains and adequate for the identification of fine microevolutionary events that could be related to strain microevolution in response to environmental stress conditions.
Candida albicans, the most common fungal pathogen, is a commensal yeast that belongs to the normal microbial population of the mouth, vagina, and gastrointestinal tract in humans. However, in people with a variety of transient or permanent immunocompromised conditions, including transplant recipients, chemotherapy patients, underweight neonates, and human immunodeficiency virus-infected individuals, it may become an invasive pathogen (30, 56) . Infections by opportunistic fungal agents are a major medical problem due to the growing number of immunocompromised patients with risk factors for such infections. Moreover, this problem is exacerbated by the fact that only a limited array of antifungal drugs is available and by the growing resistance among clinical isolates (39, 46, 55) . The development of techniques and strategies that can accurately differentiate clinical isolates is of great relevance. These techniques should provide the ability to differentiate among strains responsible for clinical infections, as well as to trace their epidemiological pathways. Several molecular methods have been used to differentiate C. albicans strains, including electrophoretic karyotyping (2) , the use of species-specific probes such as Ca3 or 27A in restriction enzyme analysis (28, 35, 36, 43) , PCR-based methods (1, 7, 15, 51) , and more recently, multilocus sequence typing, which uses nucleotide sequences from several genes and offers good discrimination (4, 49) . Microsatellites or simple tandem repeats (STRs) consist of stretches of tandemly repeated mono-to hexanucleotide motifs dispersed throughout the genome and have a high level of polymorphism compared with those of other molecular markers. In yeast, microsatellite loci have considerable length variations, and this polymorphism quickly made them attractive markers for a variety of types of analyses, including strain typing (9, 16, 45) , population structure analysis (13, 18, 25) , and epidemiological studies (33, 42) . Microsatellite polymorphism is manifested as allelic length differences due to the different numbers of repeated units present in the alleles and is easily assayed by PCR amplification (48) .
Several polymorphic microsatellite loci have been identified in the C. albicans genome, most of them located near EF3 (5); CDC3 and HIS3 (3); or inside the coding regions ERK1, 2NF1, CCN2, CPH2, and EFG1 (31), although the discriminatory powers (DPs) calculated for such loci were relatively low (between 0.77 and 0.91). A higher value, 0.97, was estimated by Sampaio et al. (42) for microsatellite CAI, located in a noncoding region; and this discriminatory power was identical to that which had previously been reported for a combination of three microsatellites amplified in a multiplex reaction (3) . A higher polymorphism is expected in microsatellite loci from noncoding regions; therefore, in order to obtain a greater resolution, a set of new microsatellite markers was selected from these regions and characterized for use in a multiplex PCR. This multiplex typing system was applied to C. albicans Reproducibility and stability. The reproducibility of the method and the stability of the microsatellite markers were assessed according to the procedures described previously (42) . The reproducibility of the method was also tested by comparing the results obtained by the singleplex analysis with the ones observed by the multiplex analysis.
RESULTS
Screening and selection of repeat regions in Candida albicans sequence database. The search of the genomic DNA database of C. albicans performed in this study provided a total of 1,086 sequences, 368 obtained with the CAA query, 245 obtained with the GAA query, 220 obtained with the ATT query, 201 obtained with the TAAA query, and 52 obtained with the CAAAT query. Selection of the sequences was primarily based on the number of simple units repeated and their location in the genome. There should be at least 10 repeats, given that these sequences have a higher probability of showing greater genetic variability (11, 37) , and they should be located outside known coding regions, since a higher polymorphism is expected in regions less prone to selective forces (32) . Subsequently, a third selection was made for the sequences to allow the design of primers with an annealing temperature of about 60°C to ensure specificity and good reproducibility. A total of five sequences were then selected, and specific primers were designed for their amplification. Sequence 265080D05.s1.seq presented two different regions containing microsatellite motifs that were used separately to develop CAIII and CAIV ( Table 1 ). The nomenclature chosen for the new markers was CA, after C. albicans, followed by a roman numeral notation that corresponded to the order of the analysis.
Microsatellite locus analysis. The microsatellites selected were used to type 72 unrelated C. albicans strains, isolated from different patients, in order to test their specific amplification and polymorphism. This analysis revealed that they were all polymorphic and presented from 5 to 30 alleles and 8 to 46 different genotypes ( Table 2) . Analysis of the CAIV locus revealed the presence of null alleles; therefore, this marker was discarded.
The different alleles observed at all the loci were sequenced in order to determine the nature of the polymorphisms observed. The sequencing results confirmed that the consensus sequences of all new microsatellite loci analyzed were in accordance with the ones deposited in Stanford's DNA Sequencing and Technology Center database, confirming the amplification of the correct loci. CAIII, CAIV, CAV, CAVI, and CAVII were simple STRs with one variable repetitive motif, and only CAI was a compound microsatellite with two different variable units (Table 2) . For all microsatellites the differences in the molecular weights of the distinct alleles reflected the differences in the number of the repeated motifs, which allowed the nomenclature for the alleles to be based upon the number of repeated units. This nomenclature prevents problems if further variation is found in the constant stretches of the alleles when other C. albicans strain typing studies are performed (12, 42) .
The distribution of genotypes according to the Hardy-Weinberg equilibrium was investigated for all the microsatellite loci analyzed in the 72 unrelated isolates. A significant departure from Hardy-Weinberg equilibrium expectations was found (P Ͻ 0.001), which supported previous findings that the inheritance in infecting C. albicans populations appears to be clonal (15, 25, 50) .
The discriminatory power was calculated for each marker according to the Simpson index of diversity:
where N is the number of strains, s is the total number of different genotypes, and n j is the number of strains of j genotype (20) . The results indicated that CAI is the microsatellite with the highest DP value, 0.97, while CAV presented the lowest DP value, 0.57 (Table 2) . Stability and specificity. The in vitro stability of the microsatellite markers was assessed by growing four independent strains over approximately 300 generations. For all strains tested, the genotypes were always the same after the 300 generations, suggesting an expected mutation rate of less than 3.33 ϫ 10 Ϫ3 for all microsatellite loci. These markers were also species specific, since no amplification products were obtained when the primers and PCR conditions described above were used for the amplification of other pathogenic Candida species, namely, C. glabrata, C. krusei, C. parapsilosis, C. tropicalis, C. guilliermondii, C. lusitaniae, and C. dubliniensis. The specificity regarding C. dubliniensis, which is very closely related to C. albicans and which was just recently recognized as a different species, is noteworthy (47) . Similar results were found in previous studies with microsatellites by testing other Candida species (5, 10, 31, 42) .
Optimization of multiplex amplification conditions. To increase the discriminatory capacity, simultaneous analysis of the different loci was carried out in a multiplex PCR. The CAI, CAIII, and CAVI loci were the ones selected for the multiplex PCR, since they presented the highest DP values in the singleplex assay and a DP value of 0.998 when analyzed together, while they are located on different chromosomes ( Table 2 ). The differences in the sizes of the alleles amplified at each of these loci and the possibility of combining different fluorescent dyes made possible their simultaneous amplification (Fig. 1) . For this optimization step, 10 C. albicans strains were used, and the results observed in the multiplex PCRs were always compared with the ones observed in the singleplex assay. The primer concentrations used for the multiplex reaction had to be adjusted, and the best results of multiplex coamplification with the three primer pairs were obtained by using the concentrations described in Table 2 . Different DNA template concentrations were also tested, from 1 ng to 50 ng, and the optimal DNA concentration needed to coamplify these loci was 40 ng of template DNA in a final PCR volume of 25 l. If a smaller amount of DNA was used, the preferential amplification of the CAI locus was observed. Comparison of the alleles obtained in the optimized multiplex reaction with the ones observed in the corresponding singleplex showed identi-cal molecular weights, confirming the accuracy and reproducibility of the technique.
Use of the multiplex assay for strain differentiation. The CAI microsatellite was the one presenting the highest discriminatory power. However, several independent or unrelated isolates presented the same allele combination at this locus. These isolates were analyzed with the multiplex system in order to determine if they could indeed be considered the same strain. The genotypes observed with the multiplex assay indicated that, in several cases, the isolates with the same allelic combination at CAI corresponded to different strains or to strains undergoing a microevolutionary process ( Table 3) . The isolates were defined as identical when the same genotypes were observed at all loci, including the ones not presented in Table 3 (CAV and CAVII), and this was observed in 10 cases. On the contrary, 14 isolates were considered distinct strains since they presented different genotypes at several loci. The remaining three cases could be considered possible microevolutionary events, since minor changes in only one locus were observed. These results clearly showed the need for multilocus analysis, even when a highly discriminatory molecular marker is used.
When this multiplex assay was applied to the differentiation of multiple isolates from the same patient, it could be observed that all isolates showed exactly the same genotypes, confirming our beliefs that only one strain was present in the infecting population (Table 4) . To verify that the infecting population was the same at different body locations, isolates were collected from the same patient with infections at multiple body sites. Isolates were collected from patients F, H, I, and J. The results showed that the isolates from the upper respiratory tract of patient I were identical strains but were different from the urine isolate. The same occurred for patient J, for whom distinct genotypes were observed for the two isolates, one from the vagina and the other from urine. However, isolates from patients F and H showed the same genotypes regardless of their body location. These results show that patients could have different clones at different body sites but that the infecting population at each body site is monoclonal, with some isolates presenting the capacity of invading different microhabitats.
Cases of recurrent vaginitis in eight patients were also analyzed with this multiplex system. The results showed that the infecting C. albicans strains isolated sequentially in different relapses of the illness displayed the same genotype for all loci, except in three cases, patients L, N, and P (Table 5) . In patient N, a case of strain replacement occurred, since one of the three strains isolated presented different genotypes at all loci analyzed. In patient P, a microevolutionary event seems to have occurred, since the strains presented only a minor change at the CAVI locus, from genotype 18-21 to genotype 21-21. Analysis of the isolates from patient L showed a change at the CAI locus, from allele 30 to allele 32. In a previous study we suggested that these changes from allele 30 to allele 32 could have been due to expansion of the microsatellite (42) . However, the analysis of this case with the remaining microsatellite loci suggests the occurrence of genetic changes that could lead to the loss of heterozygosity (LOH). Perepnikhatka et al. (34) studied the incubation of C. albicans isolates on fluconazole-containing medium and observed the loss of one homologue of chromosome 4 after 7 days of incubation. Interestingly, the CAI microsatellite is located on the same chromosome, and these patients were treated with fluconazole; therefore, this hypothesis could not be ruled out. The possible loss of chromosome 4, or part of it, which includes the CAI locus, would turn genotype 30-32 into genotype 30-30 in only one mutational step.
DISCUSSION
Candida albicans is an opportunistic yeast that can cause severe invasive infections, especially in immunocompromised patients, thus making the development of methodologies for the accurate discrimination of strains essential. Knowledge of the relatedness of strains involved in infections would be of extreme relevance to the development and application of the correct therapeutic strategy as well as to obtaining a better understanding of the epidemiology of this yeast. Moreover, some strains are capable of invading different body locations, and microevolution may occur as an adaptive response to new environments.
Microsatellites are among the most frequent markers used for differentiation purposes due to their hypervariability, the ease of PCR amplification and interpretation, their codominant profiles, and their potential for use in automated assays. These loci are relatively abundant in C. albicans, and several (5, 12, 26) . However, the majority of microsatellites appear to present low levels of heterozygosity, which may be explained by the fact that they are situated in coding regions (12) . In these situations, the discriminatory power is rather low, but it can be compensated for by surveying a larger number of loci, facilitated by multiplexing the PCR. The best approach was obtained by combining three loci, CDC3, EF3, and HIS3, thus yielding a discrim- inatory power of 0.97 (3) . In the present work, a multiplex strategy was developed with three new microsatellite markers, located in noncoding regions, which presented the highest DP observed for C. albicans differentiation, 0.99. The analysis of 72 independent isolates with CAI identified 16 different genotypes shared by two or more isolates. Application of this multiplex assay to assessment of the genetic relatedness of those isolates allowed the discrimination of 14 of 27 (51.8%) strains that otherwise would have been considered identical. It also allowed the confirmation of the identities of 10 isolates, which were, in fact, the same strain, and three cases of microevolution. Microevolution resulted from minor changes of the strain genotypes, i.e., a change at only one locus that could be explained by a single mutational step. Overall, the improved discriminatory potential of the methodology described here revealed the presence of three basic scenarios: (i) isolates that were the same strain, (ii) isolates that were the same strain(s) but that were apparently undergoing a process of microevolution, and (iii) isolates that corresponded to distinct strains. These results clearly indicate the need for multilocus analysis even when isolates are studied with a highly discriminatory molecular marker. Application of this methodology to the analysis of isolates from recurrent infections also revealed the same set of basic scenarios described previously (23, 24, 44) . Of the 15 recurrent cases analyzed, 12 were due to the same strain, 2 were due to the same strain which was undergoing microevolution, and only 1 was due to strain replacement. This multiplex system demonstrated that C. albicans strains can undergo microevolutionary events at body sites of carriage during colonization between recurrent episodes of infection and that these events seem to be relatively more frequent than strain replacement (6, 23, 24) .
Analysis of the microevolutionary events observed in this study suggested that two different mutational events could be occurring: strand slippage of the DNA polymerase in the microsatellite region and LOH as the result of chromosomal rearrangements; both of these mutational events take place at similar rates. The reported rates for chromosomal rearrangements were from 1. Several studies have supported the concept that C. albicans contains a source of potentially beneficial genes that are activated by changes in chromosome number and that this elaborate mechanism regulates the utilization of food supplies and possibly other important functions in response to environmental stress. As C. albicans clinical populations are usually clonal, we suggest that in the absence of genetic exchange through sexual reproduction, microevolution could conceivably confer a selective advantage under adverse environmental conditions.
It is clear that the microsatellite multiplex PCR-based system described here enables high-speed typing, which makes it useful in large epidemiological studies. Furthermore, its capacity to detect microevolutionary events can make it useful for the detection of strain microevolution in response to environmental stress conditions, providing support for therapeutic adjustments, especially in patients with recurrent infections.
The standardization of microsatellite typing systems, including the primers and the separation techniques used and the allele nomenclature, is an issue that should be accomplished to allow interlaboratory comparisons. The creation of public databases that would make microsatellite allele data available worldwide, similar to those already in use for human microsatellites (29, 38) , is another essential topic that deserves attention.
